The objective of this research was to verify the effect of biofortifying food-type soybean grains with different foliar applied zinc rates. The experiment was completely randomized with four replicates, in a 5 × 5 factorial scheme, which consisted of five soybean varieties: BRS 010 (black tegument), BRS 213 (yellow), BRSMG 790A (yellow), BRSMG 800A (brown), and Favorita RR ® (yellow) combined with five zinc foliar rates applied at the reproductive 4 (R4) stage (0, 0.91, 1.82, 2.73, and 6.37 mg L -1 ). The analyzed parameters were plant height, first pod insertion height, number of pods per plant, number of grains per plant, pod weight per plant, grains mass per plant, 100-grain dry matter, mineral composition of the grains, lipid and protein content. Foliar fertilization with zinc increased plant height, grain mass, and protein content in soybean grains. It also significantly increased zinc content in the grain and this increase was independent of the studied variety, but was a function of the zinc rate applied.
INTRODUCTION

Micronutrient deficiencies are common in humans.
Approximately one third of the world's population (2 billion people) suffers from vitamin deficiencies, particularly A and C, and mineral deficiencies, such as zinc (Zn), iron (Fe), and iodine (I) (FAO, 2015) .
Zinc deficiency in the edible parts of crops, e.g., the grains, is partly due to its unavailability, which may be caused by a high soil pH, concentrations of other ions, moisture, fertilizer addition, and other conditions that prevail in most areas (Alloway, 2009) . Another factor that contributes to Zn unavailability is the plant inability to move Zn absorbed from the roots to the grains (Sharma et al., 2013) .
Agronomic biofortification through the use of agricultural practices, such as the application of fertilizers containing Zn, promoting the enrichment of food crops, should be a public health strategy in countries with high incidences of nutrient deficiencies (Joy et al., 2015) .
Another alternative is based on plant breeding and genetic biofortification. This approach is a sustainable and cost-effective solution because it uses traditional methods, such as genotype selection for better nutritional value or genetic engineering. Both strategies can increase the mineral concentration in the edible parts of a plant and improve crop yields in low fertility soils (White and Broadley, 2009) . Over the long term, agronomic biofortification is a complementary approach to breeding strategies and it is probably necessary for the success of the breeding program (Cakmak, 2008) .
Soybean [Glycine max (L.) Merrill] is an important source of protein and provides large amounts of nutrients (Keatinge et al., 2011) . It has a high nutritional content compared to other important crops, provides high quality protein, and contains all the amino acids necessary for the growth and maintenance of organisms (Gandhi, 2009) . Currently, soybean breeding programs have been searching for productive varieties that have good agronomic characteristics and are capable of expressing their nutritional quality. These are food-type cultivars that can be used for human consumption.
Agronomic biofortification studies aimed at increasing Zn, Se, and I contents through soil fertilization have shown that soybean can accumulate between 57 and 59 mg kg -1 Zn in the grains, which is higher than the content found in wheat (15 to 16 mg kg -1 ), potato (13 to 15 mg kg -1 ), canola (28 to 36 mg kg -1 ), and cabbage (20 to 61 mg kg -1 ) under the same experimental conditions (Mao et al., 2014) . This highlights the importance of the crop as a source of nutrients in diets and the use in biofortification programs.
Foliar applications of Zn are an effective way of improving the Zn concentration in cereals. Applying a 0.5% (w/v) Zn foliar fertilizer at more advanced growing stages of the crop instead of during the early stages provides a larger Zn increase in the edible parts, such as grains, which indicates that this technique can maximize Zn accumulation (Cakmak et al., 2010) .
There needs to be a greater understanding of nutrient supply control during the development of improved cultivar grains that may respond favorably in adverse environments. This improved knowledge would help avoid excessive nutrient use or even toxic effects to the plants. Therefore, the objective of this research was to verify the effects of biofortifying food-type soybean varieties with different rates of foliar applied Zn.
MATERIALS AND METHODS
The experiment was carried out in a greenhouse between November 2014 and March 2015 at the Crop Science Department of the Federal University of Lavras, Minas Gerais, Brazil, located at 21°14′S latitude, 45°00′W longitude, and at an altitude of 918 m. Plastic pots, with a capacity of 7 dm 3 , were filled with 20 cm depth of medium-textured Red Latosol, whose chemical analysis results were: pH in water: 5.6, K: 14 mg dm -3 , P (Mehlich-1): 0.56 mg dm -3 , S: 9,48 mg dm -3 , Ca: 0.1 cmolc dm -3 , Mg: 0.10 cmolc dm -3 , Al: 0 cmolc dm -3 , potential acidity (H+Al): 2.08 cmolc dm -3 , organic matter (O.M): 1.41 dag kg -1 , Fe: 9.17 mgdm -3 , Mn: 1.11 mg dm -3 , Cu: 0.76 mg dm -3 , B: 0.15 mg dm -3 , and Zn: 0.26 mg dm -3 . The total Zn content found in this soil is classified in the low content range for soybean.
Based on the chemical analysis, the soil was corrected to increase the base saturation by 70% using dolomitic limestone (PRNT 80.41%). After a 30-day incubation period at 60% humidity, the plants were fertilized with 200 mg of P dm -3 and 50 mg of S dm -3 ((H 3 PO 4 Five soybean seeds were planted per pot. After the first trifoliate leaf appeared, the plants were thinned to two plants per pot. Irrigation was controlled by microaspersion, which maintained the field capacity at 60% humidity.
The foliar Zn fertilizer used was ZnSO 4 .7H 2 O. Before application, the amount of solution needed to completely wet the plant without any liquid draining into the soil was simulated. Fertilizers were applied to individual pots using a manual pre-pressure sprayer.
Pests and diseases were controlled using the insecticide Teflubenzurom at 0.05 L of commercial product ha -1 , applied at 35 days after emergence. A fungicide, Azoxystrobin + Ciproconazole at a rate of 0.3 L of commercial product ha -1 plus an additional 0.5% of the Nimbus ® adjuvant, was also applied at 50 days after emergence. Weed control was performed manually.
Data collection began when the plants reached the R6 reproductive development stage (full grain). Plant height and first pod insertion height were measured with a millimeter ruler. The plants were then allowed to grow to the R8 reproductive stage (full maturation), and the yield components were measured. These were the number of pods per plant, number of grains per plant, pod weight per plant, grains mass per plant and 100-grain dry matter (mean moisture of 13%), which were all manually counted. The mineral composition, and lipid and protein contents of the grains were determined after the grain were oven dried with forced air circulation at 65°C until they reached a constant mass. Then they were milled in a knife mill. The mineral composition was determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, model iCAP 600, Thermo Scientific, Cambridge, United Kingdom) using 100 mg of finely ground grains, pre-digested in 4 mL of HNO 3 /HClO 4 (60/40%, v/v) according to Lyi et al. (2005) . The lipid and protein contents of the grains were determined according to AOAC (2006) .The Zn concentration increment values and efficiency were measured at the 0 and 6.37 mg L -1 Zn application rates. They were estimated using the following formulas: Increment (mg kg -1 ) = Zn rate variation at 6.37 mg L -1 -Zn rate variation at 0 mg L -1 ; Efficiency (%) = {[(Zn uptake at 6.37 mg L -1 × 100) / (Zn uptake at 0 mg L -1 )] -100}.
The treatment effects were determined by analysis of variance (ANOVA) and regression models using SISVAR software. The model for each parameter was selected using the significance of the coefficients and the R 2 values. The means for each cultivar were compared by the Scott-Knott test (P < 0.005).
RESULTS AND DISCUSSION
The analysis of variance showed that variety had a significant effect on plant height, first pod insertion height, the yield components, and mineral composition. The plant height, grain mass, and lipid and protein contents were significantly affected by the Zn fertilization rate. The interaction between Zn fertilization rates and soybean variety was only significant for the zinc content in the grain.
The BRS Favorita RR ® and BRSMG 800A varieties had the highest height and first pod insertion means at approximately 62 cm and insertion above 12 cm, respectively (Table 1 ). The BRS 010 and BRS 213 varieties had the lowest plant heights (49.55 and 50.39 cm, respectively) and first pod insertion heights (9.85 and 9.56 cm, respectively). The ideal plant height is between 60 and 110 cm with a first pod insertion equal to or greater than 10 cm. This facilitates mechanical harvesting in commercial crops and avoids bedding. The results showed that the BRS 010 and BRS 213 varieties were not in the desirable range when grown under the experimental conditions used in this study. The 100-grain dry matter is an important characteristic for human consumption varieties (Table 1) . The BRSMG 800A variety had the highest average 100-grain dry matter (18.96 g), followed by varieties BRS 213 and BRSMG 790A (17.47 and 17.19 g, respectively). Variety BRS 010 had the lowest 100-grain dry matter (13.71 g).
The height of the plants was also significantly affected when the Zn application rates increased ( Figure 1A) . The 2.73 mg L -1 rate produced the greatest increases in plant height compared to 0 mg L -1 . Increasing the Zn rates also had the same effect on the grain mass per plant ( Figure 1B) . Again, the 2.73 mg L -1 application rate produced the greatest increase in grain mass per plant. Although foliar Zn application is usually carried out at the R4 stage, a reproductive development stage, plant heights tend to become stable at the R6 (fully filled vegetable) stage. It is during this stage that the plant reaches its maximum mass accumulation of pods and achieves its highest dry mass and nutrients in the plant and grains (Bonato, 2000) .
The lipid content in the dry grains was greatest in variety BRS 010 cultivar (20.10%), which was significantly different from the other varieties ( Figure 2A ). The effect of Zn application rate on lipid content in the grain was described by a linear model. The lipid content decreased when the Zn rate increased. The protein content was best described by a quadratic model ( Figure 2B Previous studies carried out with soybean grains recommended for human consumption reported that the grains contained 16 to 22% lipids and 23 to 43% protein (Gonçalves et al., 2014; Ciabotti et al., 2016) .
Zinc is an essential element and is involved in several plant growth and metabolism processes, including protein synthesis and lipid metabolism. The correlation between protein and oil content is negative because an increase in protein content is correlated with a reduction in oil content and vice versa (Moraes et al., 2006) .
The grain zinc content was positively affected by the Zn application rate. Foliar Zn applications significantly increased the Zn content in the soybean grains (Figure 3 ). Variety BRSMG 790A had the highest grain Zn content (64 mg g -1 ) when Zn was applied at 6.37 mg L -1 , which was 80% more than the content found in the control treatment (0 mg L -1 ).
Foliar applications of Zn produces better results in some crops than in others. Zhao et al. (2011) found that a Zn foliar application did not increase the Zn grain concentration in wheat plants if the plant could absorb sufficient Zn through the soil solution. However, foliar Zn application (0.5% zinc sulfate) increases rice grain Zn concentration, especially when it was applied after flowering because it produced the best agronomic and nutritional benefits (Boonchuay et al., 2013) .
The Zn contents recorded in this study were superior to the reported averages, indicating that Zn accumulation in the grains was high when Zn was applied foliarly. Previous studies on the Zn contents in soybean grains suggested that the Zn contents in the grains were between 22 and 45 mg kg -1 (Esteves et al., 2010; Rigo et al., 2015; Brunini et al., 2016) . Figure 3 -Zinc content in grains of food-type soybean cultivars when biofortified with different rates of zinc. ** and ***: significant at 1 and 0.1 % probability by the F-test.
Zinc applications led to 39.87 to 81.44% Zn uptake efficiency in the grains. The efficiency increased by approximately 29 mg kg -1 in the 6.37 mg L -1 treatment compared to the 0 mg L -1 treatment (Table 2) . Variety BRSMG 790A produced the highest increase in grain Zn content, which was 28.77 mg kg -1 higher when 6.37 mg L -1 Zn was applied compared to the control. Furthermore, uptake efficiency was 81.44%. The BRS Favorita RR ® variety had the smallest increment (14.89 mg kg -1 ) with an uptake efficiency of 39.87%. The BRS 010 variety had the lowest Zn content compared to the other varieties. These results show the difference between genetic material and the capacity for Zn accumulation in the grain. The mineral composition results for soybean grains on a dry basis are shown in Table 3 . The Zn rates did not affect the accumulation of other nutrients in the soybean grains, indicating that there was no micronutrient transport competition between the leaves and the grains when there was a foliar Zn application at the R4 growth stage. However, there were significant differences between the varieties. The Ca, Mg, and P macronutrient levels were highest in BRSMG 800A (3422.83, 2242.841, and 4011 .47 mg kg -1 , respectively). The highest K content was found in BRSMG 790A (13806.49 mg kg -1 ), while cultivars BRS 010 and BRS 213 accumulated higher levels of S.
Variety BRS 213 had higher levels of the micronutrients B, Cu, Fe, and Mn, whereas the Mo levels were greatest in BRS 010. Increasing the Zn application rate did not affect Fe content, which is also an important biofortification nutrient, although it has an antagonistic absorption and transport relationship with Zn in plants. According to Moosavi and Ronagh (2001) , foliar application of nutrients that have antagonistic relationships, is an effective and economical option that avoids yield loss and nutritional imbalances in Fe-efficient soybean plants grown in limestone soils.
The success of agronomic biofortification depends on being able to synchronize the Zn foliar Previous research has shown that there is no antagonistic effect between insecticides and Zn when they are applied simultaneously, indicating that production and Zn concentration in the grains can both be improved simultaneously (Wang et al., 2015) .
To effectively improve the human nutritional status, it is essential that the nutrients in biofortified staple foods are bioavailable (Trijatmiko et al., 2016) . Foliar Zn applications improve the Zn bioavailability compared to a soil Zn application. This indicates that it is more economically viable biofortification method that can efficiently improve global health problems (Cakmak, 2008) . However, it is necessary to monitor the use of these techniques, using technical and legal methods, to ensure that the micronutrient is available and is consumed by the population; therefore, constant monitoring of intervention programs is required (Vellozo and Fisberg, 2010) .
CONCLUSION
Foliar fertilization with Zn increased plant height, grain mass, and protein content in soybean grains. The foliar application of 6.37 mg L -1 at the R4 stage increased Zn concentrations in soybean grains. The food-type BRSMG 790A variety had the highest Zn grain content after a foliar Zn application. The composition of other minerals in the grains was not affected when foliar Zn was applied. These results indicate that Zn foliar applications lead to improvements in the Zn content of edible plant parts, especially when the soil Zn contents are low.
